SUMMARY
It has been demonstrated that under iron-restricted conditions Bordetella pertussis can take up iron from human transferrin within 30 min of exposure. B. pertussis utilizes two mechanisms for acquiring iron from human transferrin, a direct contact method and a siderophore mediated system. Both systems are shown to result in bacterial internalization of iron from transferrin. However, direct contact between B. pertussis and transferrin provides far more effective iron uptake than siderophore activity alone.
INTRODUCTION
Pathogenic bacteria which can infect humans and cause disease must be able to survive and grow in the hostile environment of the host tissues. One important aspect of the host-parasite relationship is the competition for the vital nutrient iron. Most of the human body's extracellular iron is associated with the proteins lactoferrin and transferrin which have very high affnities for iron, such that there is insufficient free iron to support bacterial growth [1, 2] . The possession of a high-affinity iron-transport system appears to be an essential virulence determinant for many infectious bacteria [3] . Under in vitro and in vivo iron-restricted growth conditions several pathogens produce high-affinity iron-chelators (siderophores), which can remove iron from the host iron-binding proteins in combination with novel outer membrane proteins (OMPs), which may be involved in transporting the siderophore-iron complexes into the cell [4] [5] [6] [7] . Some bacteria such as the human pathogen Neisseria meningitidis do not secrete siderophores [8] and appear to obtain iron through a process involving a direct interaction between the iron-binding protein and the cell surface; as in other bacteria, several novel OMPs are expressed in response to iron limitation [9] [10] [11] .
The causative agent of whooping-cough, Bordetella pertussis, as a colonizer of the human upper respiratory tract mucosa, ~would be expected to possess a specialized means of obtaining the iron it requires for growth. We have previously reported that B. pertussis is capable of growing in an in vitro iron-restricted environment, imposed by the presence of iron-chelator proteins such as transferrin and lactoferrin [12] and that the bac-teria bound the iron-chelator proteins to their outer membrane. It has recently been confirmed that B. pertussis can grow in an iron-restricted environment and it has been demonstrated that under such conditions B. pertussis, B. parapertussis and B. bronchiseptica produce hydroxamate siderophores [13] . In this paper we report on the relative efficiencies of the two iron uptake systems and on the internalization of iron from human transferrin by B. pertussis.
3, MATERIALS AND METHODS

Bacterial strains
Bordetella pertussis strain Wellcome 28 (W28)
was maintained in the medium of Stainer and Scholte [14] (SS) containing 5% (v/v) glycerol at -70°C. Cells were grown in 250-ml Erlenmeyer flasks (100 ml medium per flask) at 35°C on an orbital shaking incubator for 3 days using the standard SS medium. Bacteria were harvested by centrifugation and washed twice in SS medium without added ferrous sulphate before being used to inoculate test media. All glassware was acid rinsed before use to avoid iron contamination.
Growth conditions
The media used were standard SS medium, which contains 18 /zM freely available iron and iron-restricted medium (SSRFe), SS medium containing 4 /~M iron and 0.5 mg/ml human apotransferrin (Sigma). Assay of the free iron content of media, as previously described [12] using the method of BuUen et al. [15] , showed the iron-restricted medium to contain no detectable free iron and the transferrin to be less than 50% saturated.
Washed bacteria were used to initiate growth in 250-ml Erlenmeyer flasks (100 ml medium per flask) on an orbital shaking incubator (100 rpm) at 35°C. Bacterial growth was monitored by measuring optical density (625 nm) or by counts of viable bacteria [16] .
Radiolabelling of transferrin
To prepare 59Fe-transferrin, ferric nitrilotriacetate (FeNTA) was made using a modification of the method of Harris and Aisen [17] . The process was scaled down, and the only iron source used was 100 /~Ci of 59FeC13, to yield 5 ml of approximately 20 uM 59FeNTA. The pH of this solution was adjusted to 7.5 by addition of NaOH, 10 mg of human apotransferrin was added and mixed for 1 h at room temperature. The solution was extensively dialyzed at 4°C against 0.15 M NaC1 and filter sterilized using a Millipore filter (0.22/tm pore size), Transferrin was labelled with 125I using chloramine T as described in ref. 18 , and dialyzed against 0.15 M NaC1 and filter steri- hzed. When Fe-transferrm or I-transfernnwas added to SSRFe the medium contained no detectable free iron and the transferrin was less than 5070 saturated.
Assay of iron uptake by bacteria
59
• Fe-transfernn was incorporated in SSRFe medium (SSR59Fe) to give approximately 4-5 x 104 cpm/ml. Washed B. pertussis bacteria from 48 h cultures were added to the medium to a final concentration of approximately 5 x 107 cells/ml and incubated as described above• Samples (1 ml) of cultures were aseptically removed at various time intervals and the total radioactivity measured by mixing the suspension with Beckman EP scintillant fluid and counting on a Packard Tricarb liquid scintillation counter. Cells were harvested from the samples by centrifugation and washed three times with equal volumes of 10 mM Hepes (N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid; pH 7.4) buffer prior to scintillation counting, to establish the level of radioactivity directly associated with the bacteria. To assess the level of intracellular 59Fe, washed bacteria from samples were sonically disrupted for a total Of 8 min under cooling conditions, centrifuged at 40000 x g for 30 rain and the supernatant subjected to scintillation counting.
5. Detection of siderophore activity
Culture supernatants were screened for siderophore activity using the universal siderophore assay of Schwyn and Neilands [19] . The possible contribution of any siderophores to iron uptake was examined by growing B. pertussis W28 for 24 h in 100 ml of SSR59Fe medium in which the 59Fe-transferrin was either free in the medium or contained within a dialysis membrane (Mr cut-off for proteins 12 kDa) in 10 ml of medium.
RESULTS AND DISCUSSION
Acquisition of iron from transferrin
Since it has been suggested that B. pertussis has a low requirement for iron [13] , it was important in analyzing its ability to grow in iron-restricted environments to distinguish between the binding of transferrin to the cell and the actual intracellular uptake of iron from this glycoprotein. Sonic disruption of the bacteria was used to release their cell contents. Viable counts of suspensions of B.
pertussis W28 (5 × 107-10 9 cells/ml) were made before and after disruption and showed that the reduction in viability caused by sonication averaged 24% (range, 22.2 to 25.8%). This was therefore the maximum proportion of bacteria which could have been ruptured and this figure was used in calculating the total amounts of radioactivity within the bacteria.
After 30 rain incubation of B. pertussis in SSR59Fe, radioactivity significantly higher than background levels was associated with the washed bacteria ( Fig. 1) confirming the close association between transferrin and the bacteria. The level of radioactivity associated with the bacteria continued to increase, with incubation time, and after 5 hours it accounted for almost 5% of the total 59Fe present in the culture. Detectable amounts of radioactivity were also present within the cells after 30 min incubation (Fig. 1), demonstrating that B. pertussis can take up iron from surface bound chelators such as transferrin. The level of internal radioactivity also increased with incubation time and after five hours the bacteria contained over 1.5% of the total 59Fe present in the culture.
Uptake of iron under different levels of availability
Cultures of B. pertussis W28 grown for 24 h into the exponential phase, in SSR59Fe or SSR~gFe + (SSR59Fe to which had been added stable 56Fe, in the form of ferrous sulphate, to produce an iron replete medium with a final Fe concentration of approximately 14 /~M) contained almost exactly the same amounts of bacterial growth as measured by optical density (Table 1) . However, they differed in the amount of radioactivity associated with the organisms. In the SSR59Fe medium almost 18% of the total radioactivity of the culture was associated with the bacteria and over 7% of it was within the bacteria. In comparison the bacteria grown in SSR59Fe + medium contained only 3.2% of the total radioactivity and less than 12% of the total radioactivity was associated with these bacteria. Although the iron-restricted bacteria had more 59Fe associated with them, and a greater proportion of it located intracellularly, this was not necessarily due to the activation of a specific high affinity uptake system• In the restricted medium almost all the iron present was 59Fe which was bound to transferrin whereas the replete medium also contained a large amount of stable 56Fe some of which was not chelated. Therefore bacteria grown in restricted media would bind a greater proportion of 59Fe-containing transferrin and take up a greater amount of 59Fe than bacteria in replete media containing extra 56Fe both free and chelated with transferrin. When B. pertussis was grown for 24 h in SSRFe + medium, containing only stable 5rUe and the standard amount of transferrin but labelled with 125I, the percentage of the radioactivity associated with the bacteria was similar to that when cultured in the presence of SSR59Fe + (Table 1). However, following sonication only 0.16% of the radioactivity was found in the supernatant which is 20-fold less than that released when bacteria grown in SSRS9Fe + are disrupted• This supports previous observations [12] that sonic disruption was unlikely to release chelator proteins, such as transferrin, bound to the bacterial outer membrane. Therefore almost all of the radioactivity present in the supernatant following sonication • 59 of bacteria grown m the presence of Fe-transferrin is due to the release of intracellular 59Fe, further confirming that B. pertuz'sis can internalize the iron from transferrin.
Contribution of siderophores to iron acquisition
When B. pertussis W28 was cultivated in ironlimited SS medium, without FeSO4, containing < 0.5 ttM iron only slight growth was observed.
The supernatants from such cultures tested in the universal siderophore assay [19] caused significant reductions in the OD630 of the iron-dye complex, from 1.00 to a mean of 0.42, indicating siderophore activity. Uninoculated iron-limited SS medium and supernatants from B. pertussis grown in iron-replete SS medium produced no reduction in the OD630. Previously we had been unable to detect the presence of siderophores in supernatants from iron-limited cultures [12] . This was probably because low levels of siderophore were produced by the bacteria and the detection methods used were not as sensitive as the assay of Schwyn and Neilands [19] .
The levels of radioactivity associated with and within B. pertussis grown in SSR59Fe medium with the 59Fe-transferrin either in the medium or within a dialysis membrane are shown in Table 2 . The cultures contained approximately similar amounts of bacterial growth to that seen previously (Table 1) although it was slightly lower when the transferrin was in a dialysis membrane• Cultures grown with the 59Fe-transferrin in the medium had levels of radioactivity associated with the bacteria and within the bacteria of 18.5 and 6.7% respectively, which were very similar to those found before (Table 1 ). This contrasts with the 59 results when the Fe-transfernn was present within a dialysis membrane where 59Fe was associated with and within the bacteria but the equivalent radioactivity values were far lower ( Table 2) .
These results support the findings of Gorringe et al. [13] who showed that under iron-restricted conditions B. pertussis can produce siderophores. However, the efficiency of this system as the sole means of obtaining iron is much less than when direct binding of the transferrin is also possible. Thus it appears that B. pertussis has two mechanisms for obtaining iron from chelator proteins. One method requires the production of siderophores, identified as hydroxamates [13] . The second and apparently more effective system involves direct binding of chelator proteins to the bacteria. This system may be similar to that of Neisseria spp. [10, 20] involving specific receptor proteins, although we have not been able to identify any (data not shown), or may have more in common with one of the ferric uptake systems of Serratia marcescens [21] which does not require receptor proteins for its iron acquisition. Alternatively the binding of iron chelators to the bacterial surface may be linked to the production of siderophores which act locally to remove iron from the bound chelators and transport it into the cells so enhancing the rate of iron uptake. As siderophores are only produced under iron-restricted conditions [13] this could account in part for the higher 59Fe uptake seen under restricted as opposed to replete conditions.
